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We experimentally study the spin dynamics of mesoscopic ensembles of ultracold magnetic spin-3
atoms located in two separated wells of an optical dipole trap. We use a radio-frequency sweep
to selectively flip the spin of the atoms in one of the wells, which produces two separated spin
domains of opposite polarization. We observe that these engineered spin domains are metastable
with respect to the long-range magnetic dipolar interactions between the two ensembles. The
absence of inter-cloud dipolar spin-exchange processes reveals a classical behavior, in contrast to
previous results with atoms loaded in an optical lattice. When we merge the two subsystems, we
observe spin-exchange dynamics due to contact interactions which enable the first determination of
the s-wave scattering length of 52Cr atoms in the S=0 molecular channel a0 = 13.5
+11
−10.5aB (where
aB is the Bohr radius).
PACS numbers: 67.85.Fg, 67.85.-d, 75.10.Hk, 75.45.+j
Introduction
There has been tremendous activity recently to study
physics associated with quantum magnetism using cold
neutral atoms [1, 2]. Because of the very well con-
trolled environment that can be achieved, experiments
with cold atoms may even be used as quantum simu-
lators, and pave the way to a better understanding of
strongly correlated materials. Amongst the experimen-
tally available systems based on cold atoms in optical
lattices [3–6], dipolar gases of magnetic atoms or polar
molecules are interesting because dipole-dipole interac-
tions provide a truly long-range coupling between spins,
independent of tunneling-assisted super-exchange inter-
actions [7–11]. The long range interactions qualitatively
change the physics of magnetism. For example in ferro-
magnets, dipole-dipole interactions play a crucial role to
set the domain walls [12] (see also the recent work with
cold atoms in [13]). More generally, long range dipo-
lar interactions may lead to new intriguing phases and
anomalous behavior of spin systems [10].
Despite the fact that recent experiments have observed
spin-exchange dynamics of dipolar atoms or molecules in
optical lattices [14, 15], the consequences of the nonlo-
cal character of dipolar interactions on magnetism has
not yet been neither explored nor visualized on a macro-
scopic scale. To explore this issue, we have loaded a
dipolar chromium Bose-Einstein Condensate (BEC) in-
side a double-well trap. Our set-up produces two sep-
arated BECs which are close enough to each other that
inter-well dipole-dipole interaction is not negligible on the
experimental time-scale. We produce two spin domains
of opposite polarization in the two wells, and describe
their metastability with respect to dipolar interactions, a
phenomenon well reproduced by a simple classical model
describing two interacting giant spins.
The paper is organized as follows. First, we
present a double-well trap for several thousand ultra-cold
chromium atoms. This trap is created by the AC Stark
shift of two interfering laser beams split by a lateral dis-
placement beam splitter, and then guided by the same
optics to the atoms. This insures common mode rejection
and phase stability of the interference pattern. Second,
we demonstrate a procedure to selectively flip the spin of
the atoms in one of the two wells while atoms in the other
well remain in their initial fully stretched spin state. We
thus produce two clouds of typically 5000 atoms each,
with opposite spin projections, whose mass centers are
separated by 4.2 µm. The exchange part of the dipole-
dipole interaction between the clouds is ≈ h×10 Hz. We
then monitor the spin populations as a function of the
hold time, by means of a Stern Gerlach procedure. We
observe no spin-exchange dynamics for timescales larger
than 100 ms. This inhibition of the spin-exchange dy-
namics is in stark contrast with our previous results ob-
tained with spinor chromium condensates featuring one
or two spins pinned at lattice sites [14]. We interpret
this difference as due to the classical behavior of the two
macroscopic ensembles of spins, each one behaving like a
giant spin located in one well. Finally, we merge the two
atom ensembles with opposite polarizations, and then ob-
serve spin-exchange dynamics due to spin dependent con-
tact interactions. The analysis of our data provides the
first determination of a0 the chromium s-wave scattering
length in the S=0 molecular channel.
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FIG. 1: (Color online) a) Sketch of the double-well trap: a two-
beam 532 nm laser interference pattern creates a spatially modulated
trapping potential. b) An average over 45 in-situ absorption images
shows that atoms populate two wells. c) An absorption image taken
after 5ms of time of flight reveals interferences between the two BECs.
In these pictures, all atoms are in the ms = −3 magnetic state.
A double-well trap for condensed chromium atoms
In this section, we present the experimental setup used
in this work with special focus on the double-well poten-
tial that we superimpose on the Cr BEC. We use the
most abundant isotope of chromium 52Cr. These atoms
are bosonic particles carrying a spin S=3 and a large per-
manent magnetic dipole of 6 µB (µB is the Bohr magne-
ton). Due to this large magnetic dipole moment, dipo-
lar interactions between atoms impact Cr BECs proper-
ties [16, 17]. We have slightly modified our experimen-
tal setup described in [18]: the crossed optical dipole
trap wherein the BECs are produced now consists of two
intersecting beams derived from a 100 W 1075 nm Yb
fiber laser. The intensity of the laser beams is controlled
by an acousto-optical modulator, whose radio frequency
is modulated at 100 kHz. This fast modulation cre-
ates a time-averaged potential, which is used to tune the
anisotropy of the trap and optimize the 10 s ramp of evap-
orative cooling. At the end of evaporation, we produce a
pure BEC with 104 Cr atoms with trapping frequencies of
ωx,y,z = 2π(520±12, 615±15, 395±12)Hz corresponding
to Thomas-Fermi radii of Rx,y,z = (2.5, 2.1, 3.3)µm.
We then proceed to loading the BEC into the double-
well trap. This trap is an optical dipole trap which is
created by the interference of two laser beams derived
from a 532 nm single-mode cw laser. An incoming beam
(with power up to 1.5 W) is split into two co-propagating
parallel beams separated by 10 mm, using a non polariz-
ing lateral displacement beam splitter (see Fig. 1). These
two beams are further separated by a 2.5 magnification
telescope, and pass through a dichroic mirror with 90%
transmission. They are then focused onto the BEC us-
ing an achromatic doublet of focal length 200 mm. They
interfere at the BEC location forming a 4.2 µm periodic
potential along the z direction. Given the 3 µm Thomas
Fermi radius of the BEC along z, the system is therefore
well suited to load the Cr atoms into two and only two
minima of the trap. This realizes a double well trap. The
separation between the center of the wells is 4.2 µm. The
temperature of the beam splitter is actively stabilized to
reduce thermal drifts of the interference fringes. Apart
from the optical path in the beam splitter, both beams
follow a parallel path through the same optics, which al-
lows for common-mode rejection of the phase noise. This
insures the stability of the double-well trap.
The dichroic mirror and the achromatic doublet are
also used for absorption imaging. The optical setup is
presented in Fig. 1 a). We also show in Fig. 1 b) an
average of in-situ absorption images of the BEC in the
double-well trap. Figure 1 c) is an absorption image af-
ter the BEC is abruptly released from the double-well
trap, and a 5 ms free-fall time-of-flight. The two clouds
interfere after being released from the trap [19]. These
pictures both show that the BEC is successfully trans-
ferred into a double-well trap, and that the transfer is
smooth enough to produce two separate BECs in the two
separated wells of the trap.
We have also characterized the stability of the double-
well trap by analyzing 45 in-situ absorption images, each
corresponding to a different realization. As shown in Fig.
2, the atom density is empirically fitted using a sinusoidal
fit modulated by a gaussian. The noise on the fitted
phase of the sinusoidal is a measurement of the phase
stability of the double-well trap. The noise of the fitted
center of the gaussian characterizes the position noise
of the BEC. As seen from Fig. 2, the phase stability
of the double-well trap is excellent; however, the loading
stability of the double-well trap is limited by the position
stability of the BEC, which we attribute to the pointing
noise of the IR beams.
We have measured the frequencies of the double-well
trap by means of parametric excitation, for a total 532
nm light power of 380 mW. We apply an intensity mod-
ulation to the trap after the atoms are loaded, and
we measure the heating as a function of the modula-
tion frequency. We find within the experimental res-
olution the same trapping frequencies for both wells:
ω′x,y,z = 2π(550± 35, 700± 50, 2835±325) Hz. The trap-
ping frequency along z can be boosted up to 6 kHz by
increasing the green light intensity.
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FIG. 2: (Color online) Trap stability. The top curve shows (red tri-
angles) the doubly integrated optical depth revealing the density dis-
tribution. The (blue) full line is a fit using a Gaussian modulated by
a sinusoidal function. From the fitted phase of the sinusoidal func-
tion, we derive an histogram of the position of the central dark fringe,
which is stable to 100 nm. From the center of the Gaussian, we derive
histograms of the position of the atomic distribution, which reveals
shot-to-shot noise in the BEC location of up to 3 µm.
Spin preparation
In order to selectively spin flip the atoms in one of the
two wells, leaving unchanged the spin of the atoms in the
other well, we apply a radio-frequency ramp. To obtain
the required selectivity, we apply a magnetic field gra-
dient along the z direction. The total magnetic field is
practically parallel to z, with an amplitude gµBB0/h =
200 kHz at the BEC position, and a magnetic field gra-
dient gµBb/h of 2.5 kHz/µm along z. The strong con-
finement along the z axis insures that atoms are pinned
to the local minima of the trap, and that their motion is
approximately insensitive to the magnetic field gradient.
After the magnetic field gradient is applied, we per-
form an rf frequency sweep, whose intensity follows a
Gaussian temporal profile. Such pulse shaping (similar
to the Blackman window commonly used in atom inter-
ferometry [20]) is necessary to avoid the fast frequency
components associated with instantaneous turn-on and
turn-off of the rf field, which in practice are sufficient to
spoil the selectivity of the rf sweep. With a 5 ms rf sweep,
whose span and peak Rabi frequency are 30 kHz and 1.5
kHz respectively, we successfully flip the atomic spins se-
lectively in one well, with an efficiency close to 90%. We
then switch off the magnetic gradient, to enable intersite
spin-exchange [14].
To measure the evolution of the different spin popula-
tions, we use a Stern-Gerlach procedure, which separates
the different spin states with a magnetic field gradient
(applied after a given hold time t during which spin dy-
namics may take place). In the absorption image shown
in Fig. 3 (taken for t = 0), atoms on the left correspond
to negative ms states, whereas atoms on the right cor-
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FIG. 3: (Color online) Spin dynamics in the double-well trap. Lower
left panel: Absorption image after the Stern Gerlach separation demon-
strating the spin preparation with opposite polarization in the two
wells. Top left panel: density profiles for increasing hold time be-
fore release and Stern Gerlach analysis showing the evolution of the
spin composition. Spin dynamics is very slow, and the magnetization
is almost constant in both wells (right panel).
respond to positive ms states. The signal asymmetry is
due to different efficiencies in the absorption imaging of
the different ms states.
The Stern-Gerlach image shown in Fig. 3 was taken
after an rf-sweep which only addressed the atoms in one
of the wells. Our interpretation of this image is the fol-
lowing. The atoms at the left of the picture are atoms
unaltered by the rf. They were at the left-well position,
and they remained in ms = −3. Atoms at the right of
the picture have been affected by the rf, because they
are in the right well. The rf sweep has promoted them to
mS = 3. As a consequence, this image provides a deter-
mination of the state of the atoms independently in the
left well and the right well. Following the system prepa-
ration spin mixing mechanisms can eventually populate
all spin states. Nevertheless, for short time evolution,
positive ms states originate from the well where the spin
flip was efficient (the right well), while negativems states
originate from the left well. The Stern Gerlach measure-
ment will therefore allow us to study the spin dynamics of
each well separately as long as the population in ms = 0
remains negligible. A site-selective Stern-Gerlach detec-
tion would only be necessary at longer times.
Metastability with respect to inter-site
spin-exchange
We first discuss the spontaneous evolution of the spin
distribution after the right atoms are promoted to the
ms = 3 state, and the magnetic field gradient is switched
off.
Initial spin dynamics in a fully separated double-
well trap is purely dipolar, because atoms are locally
in a stretched state (see below). For an initial state
|N : L,−3;N : R, 3〉 (corresponding to N atoms in the
4left well in state ms = −3 and N atoms in the right well
in state ms = 3), two spin relaxation channels are pos-
sible. The first one is local and corresponds to dipolar
relaxation induced by collisions between ms = 3 atoms
inside the right well. We do observe such phenomena (see
Fig. 3). Dipolar relaxation is in fact extremely rapid and
we cannot resolve its dynamics. Indeed, the density of the
atoms in the double-well trap is extremely high (close to
1021 m−3), which, at the magnetic fields at which we op-
erate, results in sub-ms dynamics. However, because the
energy released in a dipolar relaxation event is smaller
than the trap depth, atoms remain in the right well after
dipolar relaxation. The inelastic process thus results in a
rapid increase of the temperature of the right cloud, up
to 3 µK. The density therefore rapidly decreases, to typ-
ically 4.1019 m−3, so that dipolar relaxation practically
stops after 1 ms : given the rate parameter of dipolar
relaxation at the experimentally applied magnetic field
(typically 50 mG)[21], the dipolar relaxation rate is then
estimated to be on the order of 5 s−1 . As shown in
Fig. 3, the right magnetization then barely decreases for
times up to 200 ms.
The second process which can occur is dipolar spin-
exchange between the right and the left atoms. The
spin-exchange rate between (2N=104) chromium atoms
separated by a distance of d = 4.2 microns is h¯Γexc =
SN µ04pi
(gsµB)
2
d3
(with µ0 the magnetic constant, and gs ≈ 2
the Lande´ factor for ground state S = 3 Cr atoms). We
find Γexc = 2π × 10 Hz. As shown in Fig. 3, we do not
observe spin-exchange, even for interaction times much
larger than 1/Γexc: after the initial fast dipolar relax-
ation, the populations remain almost frozen in their spin
states. This metastability is one of the main results of
this paper.
The absence of spin dynamics which is shown in Fig.
3 is in stark contrast with our previous measurements
made for an array of individual atoms in an optical lattice
[14]. In this latter case, the spin-exchange rate was mea-
sured to be in good agreement with many-body theory,
and in qualitative agreement with the rate due to dipo-
lar exchange interactions between two atoms separated
by the lattice spatial periodicity [14]. We show in the
next paragraphs that the metastability of the spin distri-
bution observed here is a signature of the difference be-
tween quantum magnetism [14] and classical magnetism
shown in this work.
Interpretation of spin-exchange suppression
In the present experiment, atoms are initially prepared
in both wells in a stretched state, therefore spin dynamics
associated with contact interactions is gauged out if the
two wells are fully separated. Two atoms locally interact
only through the S = 6 molecular potential, and no local
spin-exchange is possible [22].
Furthermore, the interaction of a pair of atoms in the
right well with atoms in the left well, through dipolar
interactions, does not modify the molecular channel in
which this pair of right atoms interact. Physically, this
can be understood by recalling that dipole interactions
consist of the interaction of one atom with the magnetic
field created by another atom. Therefore, the right pair
of atoms simply undergoes Larmor precession around the
field created by the left atoms, leaving the molecular po-
tential unchanged. As a consequence, atoms in a given
well interact at all times through the S = 6 molecular
potential, i.e. in an eigenstate of contact interactions for
which contact spin-exchange is ruled out.
We therefore developed a theory to account for the
dynamics observed, where the spins of the left well inter-
act only with the spins of the right well (and vice-versa)
through dipolar interactions. Within the Heisenberg pic-
ture the equation of motion (for left well spins) reads:
d
dt
~ˆsL,i = γ~ˆsL,i ∧

 ~B0 +∑
j
~B(~ˆsR,j , ~ˆri,j)

 (1)
with γ = gsµB/h¯ the gyromagnetic factor, and analo-
gously for the spins of the right well. The magnetic field
generated by a single spin at a position ~r from the spin
location is:
~B(~ˆs, ~ˆr) =
µ0γ
4π
3~ˆr (~ˆr · ~ˆs)− ~ˆs rˆ2
rˆ5
(2)
In order to simplify the treatment of the problem, we
define the total spin of the left well:
~ˆSL =
∑
i
~ˆsL,i (3)
and analogously for the right well (SL = SR = Ns). We
finally obtain two simple equations of the following form:
d
dt
~ˆSL = γ ~ˆSL ∧
(
B0~uz + ~B( ~ˆSR, ~d)
)
(4)
~d being the relative position of the two wells (〈~ri,j〉 ≃ ~d).
The second term of eq.(4) can lead to evolutions for〈
SˆL,R z
〉
. At high external magnetic field, dipolar relax-
ation is energetically forbidden in our theoretical frame-
work, which does not include the mechanical degrees of
freedom. Then, the effective Hamiltonian only comprises
Ising and spin-exchange terms. As a consequence, the
following effective Hamiltonian gives the evolution of the
system:
Hˆeffd =−2
µ0γ
2
4πd3
(
SˆzLSˆ
z
R−
1
4
(
Sˆ+L Sˆ
−
R+Sˆ
−
L Sˆ
+
R
))
(5)
This effective Hamiltonian drives as well the spin evolu-
tion of dipolar atoms in optical lattices [14] when sup-
pression of dipolar relaxation is obtained, for an external
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FIG. 4: (Color online) Magnetization dynamics in one well for in-
creasing number of particles. Here we consider spin 1/2 particles; the
increasing number of atoms per well create an increasing local total
spin Smax (from 1/2 for one atom per well, to 12 for 24 particles per
well). Magnetization per atom in a given well is plotted as a function of
time. Increasing spin results in almost frozen spin dynamics, therefore
reaching a classical behavior.
magnetic field smaller than the smallest band gap of the
lattice in that case.
Equation (4) readily shows that the many-body evolu-
tion of 2N spins in two traps can be reduced to the two
body evolution of two giant spins. It can be numerically
solved, and the time evolution of the left magnetization as
a function of N is shown in Fig. 4 for the case where the
external magnetic field dominates the dipolar field cre-
ated by the atoms of the right well, in which case eqs.(4)
and (5) give identical results. This condition applies to
our experiment as typical values of these fields are re-
spectively 20 mG and 30 µG. This analysis shows that
spin-exchange due to dipole-dipole interactions between
the two wells is strongly inhibited when the magnitude
of the spin increases, which confirms our experimental
data.
Our experimental data is also well accounted for by
a classical theory of two localized interacting magnets of
opposite magnetization in a large external magnetic field.
In this case, magnetization dynamics is also completely
frozen. Indeed, provided intersite spin correlations are
neglected, eq.(4) reduces to the simple equation of pre-
cession of classical magnets (also used in the framework
of spintronics for example [23]). Within this classical ap-
proximation, and in the presence of an external magnetic
field larger than the field created by the magnets, the ori-
entations of two classical magnetic moments of opposite
directions, each almost parallel to the magnetic field, are
locked. This results from dynamical stability of a system
which is otherwise energetically unstable. Our experi-
mental observations can therefore be understood within
this relatively simple classical magnetism framework.
A closer look at the quantum model shows that the
spin dynamics of N spins in fact does not completely
vanish at short times. We numerically observe spin-
exchange collisions, where two atoms undergo the transi-
tion (−3, 3)→ (−2, 2), within a timescale 1/Γexc. How-
ever, these collisions do not proliferate, and the spins
remain roughly locked at their initial positions for ex-
tremely long durations. The reason why massive spin-
exchange cannot occur is that the Ising term SˆzLSˆ
z
R of
eq.(5), creates an energy barrier which the exchange
terms Sˆ+L Sˆ
−
R + Sˆ
−
L Sˆ
+
R are too small to overcome for large
spins. As the size of the total spin increases, the spin fluc-
tuations due to spin-exchange processes decrease relative
to the total spin. This phenomenon is reminiscent of the
1/N paradigm in solid state physics, which states that
spin fluctuations decrease as 1/N for a composite spin of
length N made of 2N electrons, because the fluctuations
only involve the tunnelling of one spin excitation (s =1/2
in the case of an electron) (see for example [24]). As N
increases, we can observe in the numerical simulations
the cross-over between quantum magnetism and classical
magnetism.
Equation (4) also predicts that non classical spin states
can be produced at timescales much longer than typi-
cal available experimental times. In particular, a quan-
tum tunnelling to a state close to |N : R,−3;N : L, 3〉
is expected at a well defined time Tt. Interestingly, at
Tt/2, the state of the system is highly entangled, close
to 1√
2
(|N : R,−3;N : L, 3〉 − i |N : R, 3;N : L,−3〉). We
are now studying a generalization of this formalism using
radio-frequency pulses, which may enable the creation of
a Schrodinger cat state in a timescale 1/Γexc (per atom).
Observation of spin-exchange due to contact
interactions
A closer inspection of the data shown in Fig. 3 reveals
a very slow and small increase in the ms = −2 popula-
tion. Such an increase is inconsistent with the physical
picture introduced in the previous paragraphs, wherein
spin-exchange results from inter-site dipolar interactions.
To understand this non-vanishing spin dynamics, we have
further characterized our trap parameters.
First, from the measured trapping frequency along the
z direction, and from the measured periodicity of the op-
tical lattice applied to the atoms, it is straightforward to
deduce the height of the barrier separating both traps.
We find that the barrier has a maximum height of 200
kHz for a maximal optical power of 1.5W. To estimate
whether both clouds are indeed well separated, it is im-
portant to carefully measure the energy distribution of
the atoms within the trap. As stated above, before the
spin preparation is performed, the atoms remain in the
quantum degenerate regime, and both clouds are indeed
very well separated, the 350 nm Thomas Fermi radius
being much smaller than the 4.2 µm distance between
the traps. As described before, dipolar relaxation in the
ms = 3 state is very fast. Because the energy released in
dipolar relaxation is smaller than the trap depth, dipolar
relaxation results in a strong heating of the cloud wherein
ms = 3 states are produced. Absorption pictures after
6the atoms are released from the trap, in the presence of
a magnetic field gradient to separate the (left) ms = −3
atoms from the (right ms = 3 atoms) indeed reveal that
the temperature at the right rapidly increases to typically
3 µK (roughly twice the BEC transition temperature for
5000 atoms within one well of this trap). Although such
temperature corresponds to a typical energy of 60 kHz,
smaller than the energy barrier, a Boltzmann distribution
implies that about 20 percent of the atoms have enough
energy to surpass the energy barrier between the traps.
We therefore interpret the slow spin-exchange dynam-
ics shown in Fig. 3 as resulting from contact-interaction-
driven spin-exchange between left well ms = −3 atoms,
and atoms from the right well, mostly in the ms = 3
state, which have enough kinetic energy to overcome the
barrier and collide with the right atoms.
A determination of the S = 0 scattering length
We have further investigated this scenario by adiabat-
ically removing the optical barrier between the traps, af-
ter spin preparation is performed. The barrier is lowered
in 20 ms, and the magnetic field gradient is turned off.
After this procedure, the cloud consists of a mixture of
mostly ms = −3 and ms = 3 atoms. The measured tem-
perature is 1.2 µK, corresponding to 2.5 Tc, Tc being the
critical temperature for Bose-Einstein condensation. The
trap, characterized by parametric heating spectroscopy,
has trapping frequencies of νx,y,z = (520, 615, 400) Hz.
Interestingly, the peak density of ms=3 atoms is then
3.5×1018 m−3, which insures that dipolar relaxation can
be neglected for timescales below 1s. Indeed, we then
observe a spin dynamics which is, to within our signal to
noise ratio, at constant total magnetization for the first
500 ms.
We have focused on the spin dynamics in the recom-
bined trap for the first 200 ms after recombination. Ex-
perimental data is shown in Figures 5 and 6. We ob-
serve a decrease of the ms = −3 population, and an
increase of ms = −2,−1, 0. In Fig. 5, we compare the
evolution of population in ms = −2 for the recombined
trap to the spin dynamics which is observed when the
traps are not recombined. The timescale of spin dynam-
ics when the two wells are recombined is faster than the
timescale when atoms are kept separated. Although both
timescales are not vastly different, it is useful to stress
that the peak density in the double-well trap is 4× 1019
cm−3, significantly higher than the peak total density in
the recombined trap, 7 × 1018 cm−3. Two consequences
can be drawn from these observations. First, spin dynam-
ics relies on a good overlap between the two ms = −3
and ms = 3 clouds. Second, as the spin dynamics in
the double-well is typically twice slower despite 6 times
stronger local densities, the overlap between ms = −3
and ms = 3 clouds in the double well is necessarily very
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FIG. 5: (Color online) Comparison of the spin dynamics with or
without recombination. Population in ms = −2 is plotted as a func-
tion of the hold time. Red diamonds: in the recombined trap; black
triangles: the barrier between wells is maintained during spin dynam-
ics. Each point is the result of an average of typically 8 measurements.
Full lines are results of fits to guide the eye.
low. This confirms that these two clouds remain very
well separated before we lower the barrier: we estimate
that about 500 atoms may have moved from one well to
the next to be consistent with observed spin-dynamics
timescale when the barrier is not removed. The fact that
both spin states are still physically well separated is cru-
cial for our interpretation of the spin-exchange suppres-
sion within the double-well lattice in terms of classical
magnetism.
To account for the observed spin dynamics in the
merged traps, endoenergetic magnetization changing col-
lisions (for example leading to demagnetization cooling
in [25]) are ruled out, because the magnetic field is much
larger than the temperature of the cloud, which results
in a negligible population of ms = −2 at thermal equi-
librium. The spin dynamics therefore results from spin-
exchange interactions, which can be either triggered by
dipolar interactions of by spin-dependent contact inter-
actions.
As a first study, we have fitted the time evolution of
ms = −2 as a function of time, to deduce a scattering
cross-section. We assume that the time evolution of a
spin population is set by the following equation:
dn−2
dt
= βn−3n3 (6)
with β = σv¯ a rate constant, σ the cross-section, v¯ =
4
√
kBT
pim
the average atomic relative velocity, and ni the
density in state ms = i. We assume the temperature of
ms = −3 and ms = 3 atoms to be identical. This is real-
istic for times larger than 10 ms after the merging of both
clouds, given the temperature and density of the cloud,
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FIG. 6: (Color online) Evolution of the spin composition after re-
combination. Fractional populations in ms = −2,−1, 0 are plotted as
a function of the hold time in the recombined trap. Error bars show
statistical uncertainties. Full lines show exponential fits to guide the
eye.
and the typical scattering length ≈ 100 aB, which leads
to a typical elastic collision rate of 200 s−1. Integrating
eq.(6) over space yields:
dN−2
dt
=
n03σv¯
2
√
2
N−3 (7)
with Nms the number of atoms in state ms. Thus the
time constant for the time of evolution of the ms = −2
population, relative to the ms = −3 population, is given
by
1
τ
=
n03σv¯
2
√
2
(8)
where n03 is the peak density of ms = 3 atoms. The
largest uncertainty for the experimental determination
of σ is n03 is due to fluctuations in the spin preparation
(associated with position fluctuations of the IR beam,
see Fig. 3). To analyse our experimental data we use a
linear fit based on the first 50 ms dynamics, which yields
σexp,(−3,3)→(−2,2) = (1.25± 0.5± 0.4)× 10−17m2, where
we indicate successively statistical and systematic errors.
We first compare such experimental cross-section to
the predicted cross-section for spin-exchange interactions
due to dipolar interactions. Within the Born approxima-
tion, we estimate σdip = 1.4× 10−18m2 [21]. Such cross-
section is insufficient to account for the observed spin
dynamics, which we therefore attribute to spin-exchange
associated to spin-dependent contact interactions.
Due to the spin-dependency of contact interactions,
three-different spin-exchange mechanisms are allowed
from the initial mixture of states (−3, 3). These chan-
nels are (i) (−3, 3) → (−2, 2),(ii) (−3, 3) → (−1, 1) and
(iii) (−3, 3) → (0, 0). Within the Born approximation,
the scattering cross-sections for each of these individual
channels are:
σ(−3,3)→(−2,2) = 8π
(
1
77
a6 +
3
11
a4 − 2
7
a0
)2
(9)
σ(−3,3)→(−1,1) = 8π
(
5
154
a6 +
6
154
a4 − 5
14
a2 +
2
7
a0
)2
σ(−3,3)→(0,0) = 16π
(
5
231
a6 − 9
77
a4 +
5
21
a2 − 1
7
a0
)2
For each channel, the cross-sections are found within the
Born approximation by projecting both the initial and
the final spin states into the symmetric molecular po-
tentials S = (6, 4, 2, 0) (with corresponding scattering
lengths aS) in which interactions are diagonal.
In chromium, all scattering lengths are now well es-
tablished, but a0 [21, 26]. We therefore can fit our ex-
perimental data using the known values of the scattering
lengths a6,4,2 given in these references. Because of the
parabolic dependency of σ(−3,3)→(−2,2) as a function of
a0, it is however not possible to unambiguously deduce
the value a0 from only σexp,(−3,3)→(−2,2). Fortunately,
our experimental data also provide information for the
channels of spin exchange (ii) and (iii). As shown in Fig.
6, we find that the spin dynamics rates for ms = −1 and
ms = 0 are comparable to the one for ms = −2. Figure 7
shows the experimental evaluation of the cross-section for
each channel, as well as the predicted values as a function
of a0. As seen from the figure, large positive or negative
values of a0 are clearly excluded: only values of a0 close
to 0 lead to comparable rates for the three dynamics. We
infer from our experimental data that a0 = 12
+15
−10aB.
As the data in Fig. 6 show non-negligible fraction of
atoms in other spin states than ms = ±3, we compared
the experimental data with a simulation including all pos-
sible collision channels, and not only the leading channels
at short time described above. For a given m state, the
full dynamics reads:
dnm
dt
= v¯
∑
m1,m2
(
σ(m1,m2)→(m,m′)nm1nm2
−σ(m,m′)→(m1,m2)nmnm′
)
(10)
with m′ = m1 + m2 − m. Fitting the simula-
tion to the experimental data for population dynam-
ics during the first 50 ms in ms = −2,−1, 0 lead to
a0 = 13
+15
−10aB, 13.5
+10.5
−13.5, 1.5
+7.5
−9.5aB respectively. The er-
ror bars correspond to a 66% confidence interval. These
values are all compatible with each other, and compatible
with the result given by the simpler model. As absolute
populations measurements in ms = 0 may be underes-
timated (due to a less efficient absorption process), we
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FIG. 7: (Color online) Cross sections for processes (i) σ(−3,3)→(−2,2)
(red), (ii) σ(−3,3)→(−1,1) (green), and (iii) σ(−3,3)→(0,0) (blue) as a
function of a0. Their poles are located at +66, -29 and -48 aB respec-
tively. Shaded area is the experimental outcome.
believe that there is a slight bias for the corresponding
inferred value of a0 towards the negative side. There-
fore, we rely on the data for ms = −2,−1 to make our
final estimate, and obtain a0 = 13.5
+11
−10.5aB with 95%
confidence.
We note that the good agreement between our theo-
retical treatment and the simple model described earlier
confirms that most of the ms = −2 population is cre-
ated through channel (i), and that most of the ms = −1
population is created through channel (ii). Interestingly,
channel (i) does not depend on a2. Therefore, having
determined a0 through the time evolution of ms = −2,
it is also possible to give an estimate of a2 from the time
evolution of ms = −1. We infer a value of a2 small and
negative, in good agreement with [26], where the value
of a2 was deduced from the observation of one isolated
Feshbach resonance.
Conclusion
We have experimentally studied the spin dynamics of
a chromium BEC loaded into a double-well trap. The
well separation was sufficient to enable a spin preparation
with opposite spin polarizations of the two atomic subsys-
tems. We find that this spin configuration is metastable,
with a lifetime largely exceeding the timescale associated
with dipole-dipole interactions between clouds. This sta-
bility arises because a dynamical modification of the lon-
gitudinal magnetization under the influence of the ex-
change term of dipolar interactions would violate en-
ergy conservation, due to the non-negligible Ising dipo-
lar term. The spin dynamics is therefore classically sup-
pressed by the interplay between exchange and Ising in-
teractions. This classical behavior is well accounted for
by the very large effective spin realized within each well,
in contrast to the situation studied earlier where at most
pairs of atoms would undergo spin-exchange dipolar in-
teractions [14]. In a second series of experiment, we
started with the same prepared two ensembles of oppo-
site spin polarizations, merged them and monitored the
spin composition of the reunited system as a function
of time. From the observed spin dynamics, we have ob-
tained the first determination of the scattering length a0
for collision in the S=0 channel. Our measurements yield
a value of a0 close to 0, but most probably positive. It is
therefore likely that the low magnetic field spinor ground
state is cyclic rather than polar [27, 28].
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